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In this paper we report a crystal growth method for metal
phosphonate frameworks in alginate gels. It consists of a metal-
containing alginate gel, in which a solution of phosphonate
ligand is slowly diffused. Crystals of metal phosphonate
products are formed inside the gel. We have applied this for a
variety of metal ions (alkaline-earth metals, transition metals
and lanthanides) and a number of polyphosphonic acid and
mixed carboxy/phosphonic acid ligands.
Metal phosphonate chemistry has been steadily growing as a
modern field of inorganic/materials chemistry. Very recently the
first concise book was published in the field.1 Central to the area of
coordination polymers is the access to acceptable quality crystal-
line materials for full structural characterization.2 Ideally, appro-
priate-sized single crystals are sought for single crystal X-ray
determination, however there are several cases where final
structures were obtained based on powder data.3 In addition,
new techniques and synthesis approaches are put forth in order to
obtain new materials. In metal phosphonate chemistry ambient
conditions (‘‘mild’’ conditions)4 and hydrothermal/solvothermal
syntheses (‘‘harsh’’ conditions)5 are common in the literature, and
recently, high-throughput approaches have been successfully
tested.6
In this Communication we present a novel method to grow
single crystals of metal phosphonate compounds in alginate gels
and under ambient conditions. The advantages of this method are:
(a) use of small amounts of reagents, (b) control of certain
parameters, such as pH and reactant molar ratios, (c) easy and
practical to use in any synthetic laboratory, (d) the nature of the
method is based on the creation of a ‘‘local’’ microenvironment
around the metal ion, which is not free, but coordinated by the
carboxylate moieties of the alginate gel, (e) the above conditions
may lead to new structure types, not accessible by conventional
syntheses.
Alginate-based gels have been thoroughly studied.7 Our interest
was drawn to those gels that contain metal ions, mostly divalent
(e.g. alkaline-earth and first-row transition metals) and trivalent
(e.g. lanthanide) ones. Metal-containing alginate gels are easily
prepared.{ In our experiments gelation took place within minutes,
when a divalent or trivalent metal ion salt is added to the sodium
alginate solution. Na+ ions are easily exchanged with added Mn+
(n . 1) ions. Hence, a metal alginate hydrogel is formed due to
metal–carboxylate bond formation. Since hydrogels are loosely
held systems, water (and reagents dissolved in it) can easily
penetrate and be inserted into their interior. Hence, we
aCrystal Engineering, Growth and Design Laboratory, Department of
Chemistry, University of Crete, Voutes Campus, Crete, GR-71003,
Greece. E-mail: demadis@chemistry.uoc.gr
bDepartamento de Quı́mica Inorgánica, Universidad de Málaga, Campus
Teatinos s/n, 29071-Málaga, Spain
cLaboratorio de Estudios Cristalográficos, IACT-CSIC, Granada, Spain
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Fig. 1 Initial stages of crystal formation in the alginate gel (left). Crystal growth (middle). Isolated single crystals (right).
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hypothesized that if the water solution around the gel contains a
desirable ligand (phosphonate), slow diffusion of the ligand into
the inner body of the gel may allow crystal formation and further,
slow growth of the metal phosphonate product. Based on the
hundreds of experiments performed so far (see ESI{), the
methodology yields crystalline materials. In Fig. 1 three stages
of the strategy are shown. Furthermore, in Table 1 we show
morphological features of a representative list of compounds
formed by gel crystallization.
It is obvious that using this method of crystallization a large
number of crystalline metal phosphonate materials can be
obtained. Hence, for the purposes of this Communication we
present herein a representative sample of crystal structures of three
calcium and one magnesium phosphonate solid crystallized by this
particular gel method.
The structure of Ca-PMIDA, Ca[(OOCCH2)2N(H)–(CH2PO3H)
(H2O)], is a 2D layered material. The Ca
2+ center is found in an
octahedral environment shaped by two monodentate phospho-
nate oxygens (in trans positions), three monodentate carbox-
ylate oxygens (in a mer configuration) and one Ca-bound water
molecule (Fig. 2).
The phosphonate and one carboxylate moieties act as bridging
groups between Ca2+ ions. The second carboxylate group
coordinates in a terminal fashion. Ca–O bond distances fall in
the range of 2.259 to 2.412 Å. The Ca–O(H2O) is 2.314 Å. The
three-dimensional crystal structure can be more precisely described
as ‘‘pillared’’, with the PMIDA dianions (organic layer) acting as
organic pillars between the Ca/O inorganic layer. There are no
lattice waters of crystallization.
Ca-HEDP, Ca[(HO3P)2C(CH3)(OH)](H2O)2, is also a 2D
layered material. The layers are composed of a Ca–phosphonate
network. There is substantial hydrogen bonding between the
layers. Each Ca2+ center is found in a distorted bicapped
octahedral environment shaped by four phosphonate oxygens,
one terminally bound water molecule, the –OH group of the
HEDP and two bridging water molecules (Fig. 3). There are no
lattice waters of crystallization.
The product Ca-AMP, Ca[(H)N(CH2PO3H)3(H2O)]?3.5H2O, is
also a 2D layered material, see Fig. 4. In contrast to the Ca-
PMIDA structure, this one is not pillared. The layers are held
together via hydrogen bonds with the interlayer lattice water
Table 1 Morphological characteristics of some metal phosphonate crystalline materials grown in alginate gels
Fig. 2 Upper: the 2D pillared structure of Ca-PMIDA along the c axis.
Lower: the distorted octahedral coordination environment of the Ca
centre, showing only the coordinating fragments from the PMIDA ligand,
for clarity.
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molecules. One of the lattice waters (O14) displays positional
disorder (see Fig. 4). The structure obtained in this work is the
same as previously reported, albeit by different methodology.8
The structure of Mg-PMIDA presents a number of peculiarities,
see Fig. 5. First, it is not a coordination polymer, but a complex.
The Mg2+ centre is found in an octahedral environment, with four
water molecules being the equatorial ligands, whereas two mono-
anionic PMIDA anions occupying the two axial positions. Each
PMIDA ligand has one phosphonic acid and one carboxylic acid
monodeprotonated. Furthermore, one PMIDA ligand is g1-
coordinated via its phosphonate group, whereas the other is g1-
coordinated via its carboxylate group. The N atom is protonated,
as expected.
In conclusion, herein we presented a practical and easy-to-apply
crystal growth technique. Thus far, we have been focused on
growth of crystals of metal phosphonate materials. However, this
methodology could be potentially applied to the growth of single
crystals of any complex compound from water-soluble reactants.
The present strategy is an addition to other, well-established
Fig. 3 Upper: the 2D layered structure of Ca-HEDP along the a axis.
Lower: the 8-fold coordination environment of the Ca centre, showing the
coordinating fragments from three different HEDP ligands, and the
terminal (one) and bridging (two) water molecules.
Fig. 4 Upper: the 2D layered structure of Ca-AMP with exaggerated
interlayer lattice waters (blue spheres) along the b axis. The Ca-
coordinated water molecules are shown as large red spheres. Middle: view
of a single layer. Lower: the positional disorder of one of lattice waters
(O14).
Fig. 5 The structure of Mg-PMIDA showing the different monodentate
coordination modes of the two PMIDA ligands.
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techniques, such as layer diffusion, vapour diffusion, silica-based
gel methods9 (with tetraethyl or tetramethylorthosilicate precur-
sors), and in gelled organic solvents (with poly(ethylene) oxides).10
Acknowledgements
The work at UoC was supported by a grant from the Research
Committee of the University of Crete, ELKE, (KA 3517). The
work at UMA was funded by MAT2010-15175 research grant
(Spain) which is co-funded by FEDER. The project ‘‘Factorı́a
de Cristalización, CONSOLIDER INGENIO-2010’’ provided
X-ray structural facilities for this work.
References
{ All metal salts, phosphonic acids and sodium alginate were obtained
from commercial sources. Stock solutions of sodium alginate (1% w/v),
metal salts (100 mM) and phosphonic acids (13.33 mM) were prepared
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2383.9(12) Å3, and Z = 4, dc/g cm
23 = 1.629, total reflections 3595,
refined reflections (Inet . 2sInet) 1859, Rint = 0.2516, number of
parameters 327. The structure was solved by direct methods, revealing
the positions of all non-hydrogen atoms. These atoms were refined on F2
by full matrix least-squares procedure using anisotropic displacement
parameters. Due to the fact of the poor crystallinity of the single crystal
used for the analysis, the R factors reported in this work are high and the
completeness and bond precision are relatively low. Hydrogen atoms of
water molecules could not be detected in Fourier maps. R = 0.0814
(0.1624, all data), Rw = 0.1711 (0.2160, all data), GoF = 1.039.
1 A. Clearfield and K. D. Demadis, Metal phosphonate chemistry: From
synthesis to applications. RSC Publishing, London: 2012.
2 (a) J. Hulliger, Angew. Chem., Int. Ed. Engl., 1994, 33, 143–162; (b) P.
Van der Sluis, A. M. F. Hezemans and J. Kroon, J. Appl. Crystallogr.,
1989, 22, 340–344.
3 (a) D. M. Poojary and A. Clearfield, J. Organomet. Chem., 1996, 512, 237–242;
(b) M. T. Wharmby, J. P. S. Mowat, S. P. Thompson and P. A. Wright,
J. Am. Chem. Soc., 2011, 133, 1266–1269; (c) R. M. P. Colodrero, A.
Cabeza, P. Olivera-Pastor, A. Infantes-Molina, E. Barouda, K. D.
Demadis and M. A. G. Aranda, Chem.–Eur. J., 2009, 15, 6612–6618; (d)
R. M. P. Colodrero, P. Olivera-Pastor, E. R. Losilla, M. A. G. Aranda,
M. Papadaki, A. McKinlay, R. E. Morris, K. D. Demadis and A.
Cabeza, Dalton Trans., 2012, 41, 4045–4051; (e) R. M. P. Colodrero, A.
Cabeza, P. Olivera-Pastor, D. Choquesillo-Lazarte, J. M. Garcia-Ruiz,
A. Turner, G. Ilia, B. Maranescu, K. E. Papathanasiou, K. D. Demadis,
G. B. Hix and M. A. G. Aranda, Inorg. Chem., 2011, 50, 11202–11211.
4 (a) K. D. Demadis, M. Papadaki and I. Cisarova, ACS Appl. Mater.
Interfaces, 2010, 2, 1814–1816; (b) K. D. Demadis, M. Papadaki, R. G.
Raptis and H. Zhao, Chem. Mater., 2008, 20, 4835–4846; (c) K. D.
Demadis, M. Papadaki, R. G. Raptis and H. Zhao, J. Solid State
Chem., 2008, 181, 679–683.
5 (a) S. Lodhia, A. Turner, M. Papadaki, K. D. Demadis and G. B. Hix,
Cryst. Growth Des., 2009, 9, 1811–1822; (b) R. M. P. Colodrero, A.
Cabeza, P. Olivera-Pastor, J. Rius, D. Choquesillo-Lazarte, J. M.
Garcı́a-Ruiz, M. Papadaki, K. D. Demadis and M. A. G. Aranda,
Cryst. Growth Des., 2011, 11, 1713–1722.
6 (a) A. Sonnauer and N. Stock, Solid State Sci., 2009, 11, 358–363; (b) N.
Stock and S. Biswas, Chem. Rev., 2012, 112, 933–969; (c) R. M. P.
Colodrero, A. Cabeza, P. Olivera-Pastor, M. Papadaki, J. Rius, D.
Choquesillo-Lazarte, J. M. Garcı́a-Ruiz, K. D. Demadis and M. A. G.
Aranda, Cryst. Growth Des., 2011, 11, 1713–1722.
7 (a) A. J. De Kerchove and M. Elimelech, Macromolecules, 2006, 39,
6558–6564; (b) L. Li, Y. Fang, R. Vreeker, I. Appelqvist and E. Mendes,
Biomacromolecules, 2007, 8, 464–468; (c) C. Karakasyan, M. Legros,
S. Lack, F. Brunel, P. Maingault, G. Ducouret and D. Hourdet,
Biomacromolecules, 2010, 11, 2966–2975; (d) X. Li, Q. Shen, Y. Su, F.
Tian, Y. Zhao and D. Wang, Cryst. Growth Des., 2009, 9, 3470–3476.
5388 | CrystEngComm, 2012, 14, 5385–5389 This journal is  The Royal Society of Chemistry 2012
8 (a) M. Bishop, S. G. Bott and A. R. Barron, Chem. Mater., 2003, 15,
3074–3088; (b) K. D. Demadis and S. D. Katarachia, Phosphorus, Sulfur
Silicon Relat. Elem., 2004, 179, 627–648; (c) K. D. Demadis, S. D.
Katarachia, R. G. Raptis, H. Zhao and P. Baran, Cryst. Growth Des.,
2006, 6, 836–838.
9 (a) S. Kunnas-Hiltunen, M. Laurila, E. Haukka, J. Vepsäläinen and M.
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